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1 INTRODUCTION 
Recently, a soft-hard-soft (SHS) multilayer ce-
ment based composite system has been developed 
and found with improved resistance to blast loading 
(Wu & Chew 2014, Wu et al. 2015) by using a com-
bination of high strength concrete (HSC), engineered 
cementitious composites (ECC) and asphalt concrete 
(AC). Geogrid is used to strengthen AC to reduce 
cracking and damage caused by extreme loading. 
HSC under the AC layer was taken as the main de-
fense layer against extreme forces. The deformable 
ECC at the bottom could absorb more energy before 
failure due to its high ductility and fracture energy 
(Maalej et al. 2005, Zhang et al. 2005&2007) The 
detailed concept can be referred to from literatures 
(Wu&Chew 2014, Wu et al. 2015). 
The blast resistance of such composite system has 
been investigated by using field blast test and numer-
ical simulation (Wu & Chew 2014, Wu et al. 2015). 
However, there is still a lack of study regarding its 
performance under impact load. Therefore, this study 
is to investigate the performance of a SHS composite 
pavement under drop-weight impact in comparison 
to both conventional rigid and flexible pavements.   
2 TEST SETUP 
2.1 Test Materials 
The detailed mixture proportions of the materials 
are summarized in Table 1. The casting procedure 
for these materials can be found in (Wu & Chew 
2014). The basic mechanical properties of the nor-
mal concrete, HSC, ECC and AC were determined 
according to ASTM standards and the results are 
listed in Table 2. The obtained stress strain curves of 
HSC, ECC, and AC are presented in Fig.s 1-3. 
Geogrid was used to reinforce asphalt concrete and it 
was the Polyfelt Microgrid MG-100 with bi-
directional tensile strength of 100 kN/m
2
 with an ap-
erture size of 7 mm. 
Table 1.  Mix proportions for normal concrete, 
HSC, and ECC (kg/m
3
). ______________________________________________ 
Materials    Normal concrete  HSC   ECC ______________________________________________ 
Cement     428      428   1400 
Silica fume   -       48    154 
Superplasticizer  -       8.5   20.2 
Water     193      162   424 
Sand      671      750   - 
Coarse aggregate 1058      1000   - 
w/c(cm)*    0.45      0.35   0.28 
Steel fibers   -       -    39.1   
PE fibers    -       -    14.5 ______________________________________________ 
*  water to cement (or cementitious material) ratio. 
Table 2.  Properties of materials used in drop-
weight tests. ________________________________________________ 
Material Compressive  Tensile  Elastic  Poisson’s  
Strength    strength  modulus ratio 
(MPa)     (MPa)   (GPa) ________________________________________________ 
HSC   90      4.35   40    0.20 
ECC   80      5    18    0.24 
Normal  54      3.5   33    0.20 
concrete 
Asphalt  4.6     0.7   0.6   0.35 
concrete ________________________________________________ 
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ABSTRACT: This paper presents an experimental study to evaluate the performance of the newly developed 
soft-hard-soft (SHS) composite pavement system subjected to multiple drop weight impacts. Such a compo-
site system consists of three layers including asphalt concrete (AC), high strength concrete (HSC), and engi-
neered cementitious composites (ECC). The results were also compared with conventional rigid and flexible 
pavements. The results showed that the SHS system significantly improves the impact resistance against mul-
tiple impacts compared with both the conventional pavements. 
Fig. 1. Stress strain curve of high strength concrete under uni-
axial compression. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Stress strain curve of ECC under uniaxial compression. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Stress displacement curve of asphalt concrete under uni-
axial compression. 
2.2 Test specimens 
All types of pavement were cast in a square spec-
imen with a size of 900mm×900mm. The rigid 
pavement was a standard normal concrete pavement 
with a thickness of 275 mm. The flexible pavement 
was a standard AC pavement with a 300-mm sub-
base and a 150-mm wearing course (AC layer). The 
SHS multi-layer composite pavement included three 
layers – AC (75mm), HSC (100mm) and ECC 
(100mm). The AC was reinforced with Geogrid. 
2.3 Test configuration and instrumentation 
All the pavements were tested under 1181kg 
drop-weight impact loading. The drop weight used 
was a cylindrical projectile with a hemispheric head 
(100-mm in diameter) dropped from a given height 
within a steel frame. Each Sample was subjected to 
two times of impact from the same drop height at 
1.5m. Fig. 4 shows the drop weight apparatus and 
Fig. 5 presents the test set-up for all specimens.  
For the rigid pavement and the muti-layer pave-
ment, the pavement slab was placed on the top of the 
compacted soil/sand in a strong steel box. Directly 
below the slab was the geocell that was filled with 
compacted soil/sand to enhance the strength of the 
soil/sand layer and provide a solid sub-base as in the 
practical condition. The geocell used in the test was 
MiraCell MC-100 that consisted of expandable, 
polyethylene, honeycomb-like cellular structures 
interlinked together. A total of 1 ton of sands was 
used and was compacted to a density of approxi-
mately 1600 kg/m
3
, with the aid of a 10 kg dead 
weight. 
 
 
 
 
 
 
 
 
Fig. 4. Drop weight test machine in this study. 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
(b) 
Fig. 5. Setup for test samples, (a) rigid pavement and SHS 
composite pavement & (b) flexible pavement. 
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Three spring potentiometers with a 100-mm ca-
pacity were placed on the top surface to measure the 
displacement of the tested pavements upon impact 
(Fig. 6). A digital oscilloscope DL750 was used as 
the data acquisition system. A photo diode system 
(Ong et al. 1999) was used to trigger the data acqui-
sition system. The data acquisition system was trig-
gered when the falling projectile crossed the top la-
ser emitter. There were two sets of laser emitters and 
photo diodes (receiver), with a spacing of 100 mm 
right above the specimen. A high-speed camera was 
also used to record the whole testing process includ-
ing the movement of the drop weight and the global 
deformation of the composite. During the impact 
test, two belts were used to restrain the sample to 
simulate the boundary conditions of the runway 
pavement. 
3 RESULTS AND DISCUSSIONS 
3.1 Deformation of pavements 
The vertical displacement and the rebounding 
value of each sample under the first and second im-
pact were all recorded by the potentiometers and are 
presented in Tables 3&4.  
Table 3.  Displacement of the pavement under the 
first impact. __________________________________________________ 
 Type Pot1 Pot2 Pot3 
Vertical Concrete -26.1 -27.1 -28.0 
displacement Asphalt -71.6 -51.1 -47.0 
 SHS - -1.8 -5.3 
Rebound Concrete 40.9 46.3 43.5 
displacement Asphalt 54.2 78.3 77.5 
 SHS - 43.3 43.0 
 
Table 4.  Displacement of the pavement under the 
second impact. __________________________________________________ 
 Type Pot1 Pot2 Pot3 
Vertical Concrete -27.7 -28.4 -22.0 
displacement Asphalt -15.9 -14.4 -6.9 
 SHS -3.6 -7.6 -5.6 
Rebound Concrete 18.0 20.8 27.8 
displacement Asphalt 87.5 44.0 43.4 
 SHS 38.7 49.7 37.7 
 
For the rigid concrete pavement, Pot1 suffered 
almost the same vertical displacement as Pot2 and 
Pot3, which were located at 250 mm and 336 mm 
from the center of the slab, respectively (Fig. 6). It 
indicated that upon the 1
st
 impact, the whole rigid 
pavement underwent rigid vertical movement. For 
the rebound, the largest rebound is found at Pot2 as 
presented in Table 4, which also indicated the occur-
rence of the elastic bending during the rebound.  
 
 
 
 
 
 
 
 
 
 
Fig. 6. Positioning of the potentiometers  
For the flexible pavement , it was found that the 
vertical displacement was decreasing with radial dis-
tance as shown in Fig. 8, which demonstrated the 
flexibility of the flexible pavement. And the rebound 
value was “stabilized” at around 250 mm radial dis-
tance. 
For the SHS composite pavement, the rebound 
values at Pot 2 and Pot 3 (Table 3) were similar, 
which indicated the stabilized response at about 250 
mm radial distance. 
Under the first impact, rigid pavement (Ave. at 
43.6 mm) rebounded more than SHS pavement 
(Ave. at 40.4 mm) which further demonstrated the 
less flexibility of the rigid pavement than SHS com-
posite pavement. The surface asphalt concrete may 
contribute to flexible behavior with its high ductility 
compared with the concrete surface in the rigid 
pavement and it could be able to absorb higher im-
pact energy. The flexible pavement suffered larger 
rebound than the rigid and the SHS composite 
pavement because the belts experienced unexpected 
movement  . 
The flexible pavement , however, rebounded the 
least at 22.2 mm under the second impact. This 
could be explained by the large loss in energy 
through the shear cracks by breaking it into three 
segments as discussed in the following section. The 
rebound value for the SHS composite pavement un-
der the 2
nd
 impact was similar to that under the 1
st
 
impact. This was demonstrated that the composite 
pavement maintained its integrity after two impacts. 
3.2 Damage analysis 
The damages during and after the 1
st
 impact are 
presented in Fig. 7. A crater of 140-mm in diameter 
(Fig. 8) was found for the rigid pavement after the 1
st
 
impact. The impact energy was dissipated to the bot-
tom layer through crackings as found from the spec-
imen. With the confinement from the belts and the 
strong steel box, the rigid pavement still failed in a 
sudden and brittle manner after the 2
nd
 impact. It 
broke into three distinct segments with the projectile 
punching right through, only stopped by the stopper 
of the frame upon impact (Fig.s 9-10). All the three 
major shear cracks propagated right through the 
sample and a large amount of concrete fragmenta-
tions were observed flying randomly from the pave-
ment surface, which could cause significant damages 
to the surrounding environments (Fig. 9). 
 
 
 
 
 
Fig. 7. Damage of the rigid pavement after the 1
st
 impact. 
 
 
 
 
 
Fig. 8. Surface of the rigid pavement after the 1
st
 impact. 
 
 
 
 
 
Fig.9. Damage of the rigid pavement after the 2
nd
 impact. 
 
 
 
 
 
Fig. 10. Surface of the rigid pavement after the 2
nd
 impact. 
For the flexible pavement, after the 1
st
 impact, a 
crater was also found on the pavement with a same 
diameter at 100 mm as the projectile head and the 
projectile penetrated through the AC layer with a 
penetration depth at 85 mm (Fig.11). The AC layer 
was damaged with shear failure and no fragment ap-
peared. The confining effects from the steel frame on 
the AC layer could help in this matter. After the 2
nd
 
impact, a larger crater was found in comparison to 
that at the 1
st
 impact. And the depth of crater was 
more than 250 mm (Fig.12). Hence the whole AC 
layer with a depth of 150 mm had been fully pene-
trated through before the penetration was stopped by 
the aggregate layer underneath. The sub-base aggre-
gate layer under the AC layer, therefore, was also 
disturbed by the 2
nd
 impact.  
Fig. 11. Surface of the flexible pavement after the 1
st
 impact. 
 
 
 
 
 
Fig. 12. Surface of the flexible pavement after the 2
nd
 impact. 
With respect to the SHS multi-layer composite 
pavement, Fig. 13 presents the surface damage after 
the 1
st
 impact.The crater had the same diameter as 
the projectile head at 100 mm and the projectile 
went right through the AC layer. However, the rein-
forced AC layer remained intact though a few cracks 
were observed on the AC surface. The integrity of 
the AC layer could be attributed to the reinforcement 
effects from the geogrid, which could have absorbed 
most of the impact energy and dissipated the others 
to the ECC layer. The side profile of the SHS com-
posite showed a few visible but minor cracks at the 
bottom of ECC layer (Fig. 14), which distributed the 
energy efficiently and prevented the occurrence of 
major cracks.  
 
Fig. 13. Damage of the SHS composite pavement after the 1
st
 
impact. 
 
 
 
 
 
Fig. 14. Crack propagation on the side surface of the SHS compo-
site pavement after the 1
st
 impact. 
After the 2
nd
 impact, the composite pavement still 
maintained its structural integrity and the AC and 
HSC layers successfully impeded the projectile, 
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though the crater depth became 10 mm deeper than 
before (Fig. 15), with more micro-cracking at the 
sides of the ECC layer (Fig. 16 ). No major cracks 
were observed and this indicates that the impact en-
ergy was fully absorbed and the damage could be 
mitigated. The reinforced AC layer was observed to 
have a slight shift out of the sample after the 2
nd
 im-
pact and this could be due to the weak bonding be-
tween AC and HSC layer. However in practice, such 
shift could be avoided with more rigid boundaries. 
Therefore, the test results were more conservative 
than those under practical conditions. 
Based on the above-mentioned discussion on the 
different pavements under two impacts, the perfor-
mance of the SHS composite pavement highly ex-
ceeds the performance of the conventional pave-
ments including both the rigid and flexible pavement 
in terms of the structural integrity, crater diameter, 
penetration depth and physical appearance. The rigid 
pavement A performed the worst under the similar 
drop weight impact. The flexible pavement per-
formed much better than the rigid pavement; howev-
er, it also failed after the 2
nd
 impact. 
 
Fig. 15. The SHS composite pavement under the 2
nd 
impact. 
 
 
 
 
 
Fig. 16. Crack propagation on the side surface of the SHS compo-
site pavement after the 2
nd
 impact. 
4 SUMMARY 
A Soft-Hard-Soft (SHS) composite pavement sys-
tem was developed for protective applications to re-
sist blast loadings. Such a composite pavement con-
sists of three layers including asphalt concrete (AC) 
layer, high strength concrete (HSC) layer and engi-
neered cementitious composites (ECC) layer. In this 
study, the behavior of the SHS composite pavement 
system under two sequential drop weight impacts 
was investigated in comparison to that of conven-
tional rigid and flexible pavement. Results have 
shown that the SHS composite pavements exhibit 
largely reduced damage and significantly improved 
energy absorption capacity and ductility, compared 
with the conventional pavements. With the experi-
mental study, the specific findings are summarized 
below. 
 The rigid concrete pavement had low multiple 
penetration resistance, and its brittle nature 
produced a large number of fragments under 
impact load, which could cause significant 
damage to the surrounding human bodies and 
fixtures.  
 The flexible asphalt pavement performed better 
in resisting drop weight impact than the rigid 
pavement. However, its penetration resistance 
was still low as the top asphalt surface layer 
could be easily punched through by the drop 
weight hammer and the sub-base aggregate 
layer may be disturbed. 
 The SHS composite pavement performed the 
best in comparison to both the rigid and flexi-
ble pavements. The response can be character-
ized with a much smaller crater diameter and 
penetration depth on the impact face; a much 
smaller crater size after the second impact with 
the structural  integrity in tact; ductile failure 
process characterized by a large deformation 
limit; and significant improvement in the 
cracking behavior with more materials in-
volved in energy absorption for better penetra-
tion resistance.  
The results of this study and those of the previous 
studies on the SHS composite pavement provided 
strong evidence of the advantages in using SHS 
multi-layer composite material for protective 
structures and infrastructures.. 
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